Introduction {#s1}
============

Plants respond to environmental changes by implementing a number of physiological, metabolic, and developmental changes. Production of anthocyanin in *Arabidopsis thaliana* is a clear visible marker of plant response to unfavourable growth conditions ([@CIT0004]). Environmental stresses, in particular, are well known to stimulate production of anthocyanin. Low availability of nutrients such as nitrogen and/or phosphorus, wounding, pathogen infection, jasmonate treatment, drought, and ultraviolet, visible, and far-red radiation have all been associated with anthocyanin accumulation in various tissues ([@CIT0032]; [@CIT0002]; [@CIT0021]; [@CIT0010]; [@CIT0027]). Previous studies have linked production of anthocyanin pigment to modulation of hormone responses, UV-B protection, photoperception, antimicrobial activity, and feeding deterrents against pathogens and herbivores ([@CIT0011]; [@CIT0017]; [@CIT0063]). Anthocyanin is utilized by plants as a light attenuator in high light environments, especially during winter months in the leaves of the evergreen herb *Galax urceolata* ([@CIT0026]). The role of anthocyanin in the plant response and development to chronic unfavourable conditions of limiting nitrogen and high light has not been examined before in *A. thaliana* over the course of the whole plant life cycle.

Anthocyanins are naturally occurring secondary metabolites that belong to a group of chemicals called flavonoids, which are present in all orders of land plants ([@CIT0049]). The wide array of anthocyanin colours, including pink, red, orange, scarlet, purple, blue, or blue-black to yellow, stems from the structural diversity of these molecules due to various hydroxylation and glycosylation patterns of precursors ([@CIT0003]; [@CIT0008]). Anthocyanins are present in many tissues such as leaves, stems, roots, tubers, fruits, and seeds ([@CIT0062]). However, they have primary importance in flowers, where their main function is to attract pollinators ([@CIT0050]). Some tissues only accumulate anthocyanins under specific environmental conditions ([@CIT0053]; [@CIT0012]; [@CIT0034]).

Flavonoids are a large and diverse group of colourless polyphenolic secondary metabolites that are produced as intermediates in the anthocyanin biosynthesis pathway ([@CIT0062]). Although they have been linked to a variety of physiological and developmental processes, such as auxin transport, flavonoids are not essential for plant growth ([@CIT0029]). An important function of anthocyanin molecules appears to be protection from harmful effects of solar radiation. *Arabidopsis* mutants unable to produce epidermal flavonoids were found to be hypersensitive to UV-B radiation ([@CIT0033]). The ability of flavonoids to absorb light at 280--320nm is thought to be utilized by plants to prevent DNA damage ([@CIT0056]). In *Arabidopsis*, flavonoids have been shown to prevent photooxidative and photoinhibitory damage ([@CIT0018]). They are also known to induce virulence and nodulation genes ([@CIT0041]; [@CIT0064]). Relevant to this study, flavonoids are produced in response to various stresses as precursors for anthocyanin accumulation.

The general anthocyanin biosynthesis pathway is carried out in a series of biochemical reactions; mutants at each step of the anthocyanin production pathway are denoted *transparent testa* (*tt*), due to the absence of tannins in the seeds causing pale seed colour ([@CIT0054]). These mutants correspond to genes in structural (*tt3*, *tt4*, *tt5*, *tt6*, *tt7*, *tt18*) and regulatory (*tt1*, *ttg*, *ttg1*, *PAP1*) components of the pathway. Each *tt* mutant is unique with respect to which flavonoids are absent and/or accumulate in the plant ([@CIT0045]). Therefore, these mutants can be used to identify the flavonoids that are of particular importance in plant stress response. Adverse environmental conditions are expected to highlight and/or magnify any differences between anthocyanin production mutants and wild-type plants.

Several parameters of plant development, with a particular focus on leaf senescence, were examined to assess the response of *tt* mutants to challenging environmental conditions. Leaf senescence is an active and regulated degenerative process leading to changes in gene expression, metabolism, and cell structure ([@CIT0065]; [@CIT0038]). The earliest and most noticeable change in cell composition is chlorophyll breakdown, where carbon and nitrogen assimilation are replaced by catabolism of chlorophyll and associated macromolecules ([@CIT0024]). Chlorophyll breakdown can be used as an indicator of senescence and nutrient remobilization. Analysing leaf colour has been used previously to correlate leaf anthocyanin content and chlorophyll levels with senescence rates in sugar maple ([@CIT0052]). *Arabidopsis* accumulates nutrients and biomass in rosette leaves until the floral transition; after the transition, nutrients are remobilized from rosette leaves to inflorescences ([@CIT0009]). Drought, nutrient limitation, extreme temperatures, and oxidative stress by UV-B irradiation and ozone can all lead to premature senescence ([@CIT0036]). Production of anthocyanin and acceleration of senescence are well documented under limiting nitrogen and high light conditions ([@CIT0028]; [@CIT0047]). It is important to note that anthocyanin production does not have a direct effect on leaf nitrogen content, as was demonstrated in evergreen angiosperms ([@CIT0025]).

The effects of both high light and growth under limiting nitrogen stress conditions can be monitored over the whole plant life cycle. Although the immediate metabolic, physiological, and gene expression changes associated with acute stresses are known, moderate stress conditions were used here to better understand the effect of the absence of anthocyanin and its precursors on plant growth and development over the whole life cycle, as opposed to a time point immediately following acute stress treatment ([@CIT0007]; [@CIT0040]; [@CIT0046]). Non-stress (optimal), limiting nitrogen, and high light conditions were used to examine growth and development of a set of anthocyanin biosynthesis mutants spanning the whole flavonoid pathway. Biomass accumulation in the upstream (*tt4* and *tt5*) and the downstream mutant lines (*tt6*, *tt7*, *tt3*, and *tt18*) was studied under various growth conditions. The senescence rates of plants were compared by chlorophyll degradation measurements, as well as the expression of senescence-associated gene 12 (SAG12), Rubisco small subunit (RbcS), and chlorophyll *a*/*b*-binding protein (CAB1). The ability of the anthocyanin production mutants to degrade chlorophyll and subsequently accumulate inflorescence biomass was assessed under high light conditions to determine the photoprotective role of anthocyanin and flavonoids intermediates. The results support a role for flavonoids for normal plant growth and development. Further, under both limiting nitrogen and high light stress, the downstream mutants grew at least as well as the wild type, implying that anthocyanin production is not crucial under these conditions.

Materials and methods {#s2}
=====================

Plant lines and growth conditions {#s3}
---------------------------------

All plants were grown in the Phytotron facility at the University of Guelph. *Arabidopsis thaliana* seeds were obtained from the ABRC stock center in Ohio. Structural mutants from different steps of the anthocyanin biosynthesis pathway were chosen to delineate whether anthocyanin or any upstream flavonoid precursors are correlated with any growth and/or developmental differences exhibited by affected lines under chronic unfavourable growth conditions. Loss-of-function lines of structural genes chalcone synthase (*tt4*), chalcone isomerase (*tt5*), flavanone 3-hydroxylase (*tt6*), flavonoid 3'-hydroxylase (*tt7*), dihydroflavonol 4-reductase (*tt3*), and anthocyanidin synthase (*tt18*) were tested here. Plants homozygous for mutant genes were easily identifiable by their pale seed coat ([@CIT0054]). Different mutants accumulate varying flavonoid compounds depending on the exact position of the mutation in the anthocyanin biosynthesis pathway. For example, *tt4* has no detectable flavonoids, *tt5* is able to produce and accumulate naringenin chalcone, *tt6* is a leaky mutant that contains naringenin, naringenin chalcone, kaempferol, and quercetin, *tt7* predominantly overaccumulates kaempferol and also contains some naringenin chalcone, and *tt3* produces excess quercetin and kaempferol, and contains naringenin chalcone ([@CIT0045]). The precise flavonoid content of the *tt18* mutant line is currently unknown, but the position of the *TT18* gene in the anthocyanin biosynthesis pathway suggests that *tt18* mutants should be deficient in their ability to accumulate condensed tannins. All of the tested mutants are in the Landsberg background, except for anthocyanidin synthase (*tt18*), which is in the Columbia background. Due to difference in the background ecotypes, both Landsberg and Columbia wild-type plants were used as controls. None of the mutant lines produce visible anthocyanins under any of the growth conditions used in this study.

For limiting nitrogen condition experiments, the growth chamber was set at 150 µmol m^--2^ s^--1^, 16h day at 23 °C/8h night at 18 °C, and 75% relative humidity. Nutrient-free LB2 (Sun Gro Horticulture Canada Ltd) soil was used. The plants were supplied with nutrient solutions (10mM KH~2~PO~4~, 2mM MgSO~4~, 1mM CaCl~2~, 0.1mM Fe-EDTA, 50 µM H~3~BO~4~, 12 µM MnSO~4~, 1 µM CuSO~4~, 0.2 µM Na~2~MoO~4~) once a week. Limiting nitrogen conditions were achieved by supplying plants with 2.5mM KNO~3~ solution. Otherwise 10mM KNO~3~ was used to supply plants with a non-stress amount of nitrogen for other growth conditions. High light treatment experiments were performed by raising the amount of light to 400 µmol m^--2^ s^--1^. T5 Sylvania fp54 841 HO Eco light bulbs were used for these experiments.

Biomass measurements {#s4}
--------------------

Plants were harvested and frozen in liquid nitrogen prior to freeze-drying. After floral transition, the inflorescence was separated from the rosette. Samples were freeze-dried (\~12h) using the Labconco 7934020 freeze-drying system. The dry samples were weighed using the Mettler AE163 analytical scale. The measurements were taken at four separate time points spanning the floral transition at \~21 d.

Chlorophyll and carotenoid measurements {#s5}
---------------------------------------

Chlorophyll and carotenoid levels were measured by first extracting the pigments from freeze-dried samples. The samples were ground using chrome--steel beads until broken down into a fine powder. An 80% acetone:20% water solution was added to the samples and vortexed briefly to re-suspend plant tissue. The extraction was performed with 1.5ml of acetone solution 2--3 times or until the extraction solution was clear. A subsample of 250 µl of the extract was transferred to a PMMA cuvette along with 750 µl of fresh acetone solution, and absorbance at 480, 645, and 663nm was taken. The absorbance values were plugged into the following formulae in order to calculate the desired pigment concentrations in mg g^--1^ dry weight ([@CIT0039]; [@CIT0006]):
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RNA isolation and real-time PCR {#s6}
-------------------------------

Total RNA was isolated from frozen tissue with TRIzol reagent (Invitrogen). RNeasy (Qiagen) columns were used to purify the RNA samples. A superscript (Quanta) kit was used to synthesize cDNA. RbcS, CAB1, and SAG12 expression was determined using quantitative real-time PCR (qRT-PCR). Gene expression was measured using the 7300 Applied Biosystems Real Time PCR machine. The measurements of three technical and three biological replicates were carried out at two time points during plant development/growth for each gene of interest. For qRT-PCR, 25 µl reactions were performed using 12.5 µl of PerfeCTA SYBR Green SuperMix, ROX (Quanta), 5 µl of cDNA, 6.5 µl of H~2~O, and 1 µl of primers. The data were analysed using Sequence Detection Software Version 1.2.3 by Applied Biosystems. Relative quantification was achieved by comparing expression of genes of interest with the *actin7* gene control, which was chosen based on eFP Browser results (bar.utoronto.ca).

Statistical analysis {#s7}
--------------------

Statistical analysis was carried out using the Statistix 9.0 software program. The mean values were analysed using one-way analysis of variance (ANOVA) least significant difference (LSD) test with *P* \< 0.05. Columbia and Landsberg plants were analysed separately to account for developmental differences between the two ecotypes.

Results {#s8}
=======

Senescence-triggered yellowing of *transparent testa* rosette leaves is common among all mutant lines under all adverse growth conditions at 24 days after germination {#s9}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------

Leaf yellowing is a convenient visible marker of leaf senescence and reflects chloroplast degradation in mesophyll cells, which is the first step in senescence-associated programmed cell death ([@CIT0043]). The colour of senescent leaves is due to unmasking and retention of carotenoids rather than to the new biosynthesis of yellow pigments ([@CIT0058]). Chlorophyll levels are an easily measured parameter for determining the degree of senescence ([@CIT0023]). Wild-type plants and anthocyanin production mutants do not display significant differences in the colour of rosette leaves prior to floral transition. However, shortly after the floral transition at 21 days after germination (DAG), the rosette leaves of all anthocyanin production mutants began losing chlorophyll. Approximately 24 DAG, wild-type plants accumulated visible amounts of anthocyanin and did not show the early yellowing observed in *tt* lines ([Supplementary Fig. S1A](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers328/-/DC1) available at *JXB* online). Limiting nitrogen and high light treatments of 400 µmol m^--2^ s^--1^ induced nearly identical early yellowing phenotypes in the *tt* lines ([Supplementary Fig. S1B](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers328/-/DC1)). The type of stress or the location of a mutation in the anthocyanin biosynthesis pathway did not affect the timing or severity of yellowing of the rosette leaves of *tt* lines. The anthocyanin mutant lines used in this study have been shown to not produce any anthocyanins (see, for example, [@CIT0049]). It was confirmed that these did not produce any anthocyanins by spectrophotometric analysis even under high light at the onset of senescence.

Establishing the baseline by growing plants under non-stress/optimal growth conditions {#s10}
--------------------------------------------------------------------------------------

Adverse environmental conditions, such as insufficient nutrient levels, result in a significant decrease in shoot biomass accumulation ([@CIT0020]). Therefore, the negative impact of a treatment on plant growth and development can be assessed by measuring dry weight accumulation during the life cycle. The total dry weights of anthocyanin production mutants were determined and compared with those of wild-type plants. Biomass accumulation during early stages of development was nearly identical regardless of growth conditions. Differences in total plant biomass were observed between various anthocyanin production mutants as well as the two different ecotypes of *Arabidopsis*, particularly towards later stages of growth ([Fig. 1](#F1){ref-type="fig"}). The need to use two different ecotypes as wild-type controls was reinforced by this result.

![Biomass accumulation of anthocyanin production mutants and wild-type controls pre- and post-floral transition at 20 DAG. Plants were grown under optimal conditions (A), high light (B), and limiting nitrogen (C). All data are the mean ±SD. Bars with the same letters are not statistically different according to the one-way ANOVA LSD test (*P* \< 0.05, *n*=5).](exbotj_ers328_f0001){#F1}

Two different growth conditions, limiting nitrogen and high light, were compared with non-stress growth conditions (10mM NO~3~ and 150 µmol m^--2^ s^--1^ light level) to test the effect of anthocyanin production on plant fitness and to establish a baseline for chronic stress treatments ([Fig. 1A](#F1){ref-type="fig"}). Plants grown under non-stress conditions did not accumulate visible amounts of anthocyanin at 24 DAG ([Supplementary Fig. S1C](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers328/-/DC1) at *JXB* online). Anthocyanin production mutants did not display early leaf yellowing observed under nitrogen limitation and high light growth conditions at 24 DAG. Under non-stress growth conditions, *tt4* and *tt5* lines accumulated the least biomass compared with the rest of the plants at 24 DAG ([Fig. 1A](#F1){ref-type="fig"}). The *tt6* mutants grew somewhat better in comparison with *tt4* and *tt5*, but did not grow as well as other mutants or the wild-type control. The more downstream mutants *tt3*, *tt7*, and *tt18* accumulated the most biomass out of all *tt* lines used in this experiment in comparison with wild-type plants ([Fig. 1](#F1){ref-type="fig"}). There was a clear difference between anthocyanin production mutants upstream and downstream of the flavonoid 3'-hydroxylase step in the anthocyanin biosynthesis pathway. The mutant lines in the first three steps of the anthocyanin biosynthesis pathway (*tt4*, *tt5*, and *tt6*) accumulated between 34% and 54% less biomass compared with wild-type controls, while the mutant lines in the subsequent steps (*tt7*, *tt3*, and *tt18*) showed a reduction of 11--26% as calculated from [Fig. 1](#F1){ref-type="fig"}. Overall, anthocyanin production mutants did not grow as well as wild-type controls with respect to total biomass accumulation at 24 DAG. Therefore, in order to assess the effect that a given treatment has on anthocyanin production mutants, one has to account for the difference observed under optimal/non-stress growth conditions. The anthocyanin production mutants were compared with their respective wild-type control lines under any given treatment.

Growth pattern of anthocyanin production mutants did not change when grown under limiting nitrogen {#s11}
--------------------------------------------------------------------------------------------------

Landsberg and Columbia wild-type plants responded differently to the limiting nitrogen condition. The decrease in biomass of Landsberg wild-type plants was more prominent than that of Columbia wild-type plants, suggesting that the Landsberg ecotype is more sensitive to the limiting nitrogen treatments used here. A similar pattern in growth variation was observed between different mutants under nitrogen limitation compared with non-stress growth conditions. Mutants in the later steps (*tt3*, *tt7*, and *tt18*) of the anthocyanin biosynthesis pathway were able to outperform those in the early steps (*tt4* and *tt5*). The *tt4* and *tt5* plants once again accumulated less biomass---8.88mg and 5.92g, respectively---relative to the wild-type control (12.32g) under the limiting nitrogen condition at 24 DAG ([Fig. 1C](#F1){ref-type="fig"}). On the other hand, *tt3*, *tt7*, and *tt18* mutants were able to accumulate slightly more biomass, compared with their respective wild-type controls grown under the limiting nitrogen condition. Early step anthocyanin biosynthesis mutants once again performed more poorly compared with the more downstream mutants, which is consistent with the finding under non-stress growth conditions ([Fig. 1A](#F1){ref-type="fig"}, [C](#F1){ref-type="fig"}).

Chronic exposure to moderately high light throughout the plant life cycle has a significant effect on the *tt4* and *tt5* mutant lines {#s12}
--------------------------------------------------------------------------------------------------------------------------------------

Previous research linked anthocyanin production to protection from excess solar radiation ([@CIT0057]; [@CIT0001]). In contrast to previous studies on protective properties of anthocyanin that focused on short-term effects of high light treatments, the performance of anthocyanin production mutants was examined relative to that of wild-type plants under chronic, moderately challenging conditions over the entire plant life cycle. High light treatment was defined as 400 µmol m^--2^ s^--1^ because the wild-type plants produced visible amounts of anthocyanin, suggesting that irradiance was perceived as a stressor, and *Arabidopsis* plants were able to grow and set seed under these conditions. This treatment allowed better monitoring of the effects of high light on biomass accumulation and chlorophyll levels over the entire life cycle of *Arabidopsis*.

Significantly larger differences in biomass accumulation between mutant lines in the first two steps of the anthocyanin biosynthesis pathway (*tt4* and *tt5*) and the mutant lines in the subsequent steps (*tt6*, *tt7*, *tt3*, and *tt18*) under high light compared with the other growth conditions tested were observed ([Fig. 1B](#F1){ref-type="fig"}). Mutants defective in the first two steps of the anthocyanin production pathway (*tt4* and *tt5*) accumulated 11.9mg and 5.2mg, respectively, compared with 30.9mg for the wild-type control plants. On the other hand, the remaining lines were equal to or performed slightly better than the wild-type control. Two downstream mutant lines, *tt6* and *tt7*, showed a significant increase in biomass accumulation compared with the wild-type control under high light conditions. The difference in biomass accumulation in *tt18* plants relative to the wild-type control under high light treatment was not significant. Due to growth differences between Landsberg and Columbia ecotypes under certain conditions, the anthocyanin production mutants were only compared with their respective wild-type controls ([Fig. 1B](#F1){ref-type="fig"}, [C](#F1){ref-type="fig"}).

Chlorophyll levels are not correlated with presence/absence of anthocyanin and the upstream flavonoid precursors {#s13}
----------------------------------------------------------------------------------------------------------------

The bleaching phenotype observed in anthocyanin production mutants under various stress conditions could be indicative of accelerated chlorophyll breakdown due to either earlier senescence or photodamage. Anthocyanin and flavonoids have been shown to protect plants from high light damage by reflecting and/or absorbing excess amounts of solar and UV radiation ([@CIT0013]; [@CIT0018]). Protective properties of anthocyanin and upstream flavonoids were tested by measuring the chlorophyll levels of whole plants under high light conditions. It was found that the chlorophyll levels vary between different *tt* lines. Although mutants such as *tt3*, *tt4*, and *tt5* contained more chlorophyll per unit of dry weight compared with wild-type plants at most time points sampled, others such as *tt6* and *tt7* had lower chlorophyll content levels ([Fig. 2](#F2){ref-type="fig"}). In agreement with previous studies, there was no correlation between the presence of anthocyanin and chlorophyll content ([@CIT0015]). In addition, the data suggest that there is no correlation between a specific mutation in the anthocyanin production pathway and the chlorophyll catabolism rate throughout the growth and senescence of *tt* lines under high light treatment.

![Chlorophyll *a*/*b* content in rosette leaves of anthocyanin production mutants and wild-type controls. The measurements were taken at peak chlorophyll levels around the time of floral transition. All data are the mean ±SD. Bars with the same letters are not statistically different according to the one-way ANOVA LSD test (*P* \< 0.05, *n*=5).](exbotj_ers328_f0002){#F2}

Carotenoid accumulation in plants grown under high light treatment was examined to determine whether this compound helps plants deal with excess irradiance. Carotenoid levels were highest in *tt3*, *tt4*, and *tt5* lines, whereas *tt6*, *tt7*, and *tt18* plants produced less or similar amounts of light-protecting flavonoids compared with the wild type ([Fig. 3](#F3){ref-type="fig"}). The *tt5* line was the most adversely affected by high light treatment, as indicated by the greatest reduction in biomass accumulation and the highest carotenoid content compared with other *tt* and wild-type plants.

![Carotenoid production was induced in anthocyanin production mutants and wild-type controls by exposure to high light throughout the plant life cycle. All data are the mean ±SD. Bars with the same letters are not statistically different according to the one-way ANOVA LSD test (*P* \< 0.05, *n*=5).](exbotj_ers328_f0003){#F3}

Chlorophyll catabolism in rosette leaves and inflorescence growth are not influenced by anthocyanin and flavonoid precursors {#s14}
----------------------------------------------------------------------------------------------------------------------------

It has been proposed that anthocyanin is able to protect the machinery responsible for remobilization of nutrients from chlorophyll catabolism ([@CIT0013]). Changes in inflorescence biomass and rosette leaf chlorophyll content were used to assess the ability of plants to remobilize and utilize the recycled material from the rosette leaves to support inflorescence growth. Rosette chlorophyll levels of all anthocyanin production mutants and wild-type control plants decreased gradually throughout the life cycle, as shown in [Fig. 4](#F4){ref-type="fig"}. There were no observable differences in the rate of chlorophyll catabolism between different mutant lines and wild-type control plants ([Fig. 4B](#F4){ref-type="fig"}). All *tt* lines, with the exception of *tt5*, were able to accumulate inflorescence biomass steadily throughout their life cycle ([Fig. 4A](#F4){ref-type="fig"}). Therefore, the ability of plants to remobilize nutrients was not affected by the presence of anthocyanin and/or upstream flavonoid precursors.

![Inflorescence biomass accumulation (A) and rosette chlorophyll *a*+*b* levels (B) were measured throughout the plant life cycle to obtain an estimate of its ability to remobilize nutrients from vegetative to reproductive tissues. All data are the mean ±SD.](exbotj_ers328_f0004){#F4}

Comparison of expression of chlorophyll and senescence-related genes in anthocyanin biosynthesis mutants {#s15}
--------------------------------------------------------------------------------------------------------

To test whether the early yellowing phenotype first observed under limiting nitrogen conditions is correlated with the absence of anthocyanin leading to earlier senescence, the expression level of *SAG12* was assessed by qRT-PCR. *SAG12* is a well known molecular marker for senescence ([@CIT0042]). At 14 DAG, *tt3*, *tt5*, and *tt6* showed a small increase of \<1.4-fold in relative *SAG12* expression levels compared with wild-type plants ([Fig. 5A](#F5){ref-type="fig"}). At 24 DAG, increases in expression of *SAG12* were observed in *tt3*, *tt4*, *tt5*, and *tt6* lines compared with the Landsberg wild-type control. The changes in *SAG12* expression in *tt3* and *tt4* lines were larger compared with other *tt* lines; however, they are not nearly as high a change as compared with experiments where senescence is occurring (see, for example, [@CIT0014]) and thus are not likely to be physiologically significant. The relative amounts of *SAG12* transcript in *tt6* and *tt7* increased 1.5-fold compared with that of wild-type plants ([Fig. 5B](#F5){ref-type="fig"}); however, it is unlikely that these small differences are physiologically significant.

![Comparison of expression levels of senescence-associated gene 12, small subunit of Rubisco, and chlorophyll *a*/*b*-binding protein in *transparent testa* mutants with those in Landsberg and Columbia wild-type controls using qRT-PCR. The plants were grown under limiting nitrogen conditions to induce production of genes associated with the plant's response to the treatment. The first set of samples was taken at 14 DAG when plants did not display any signs of stress (A). The sampling was repeated at 24 DAG when wild-type controls have accumulated visible amounts of anthocyanin and the mutants showed a pronounced yellowing phenotype (B). All data are the mean ±SD.](exbotj_ers328_f0005){#F5}

Reduction in expression of *RbcS* and *CAB1* genes is associated with reduced photosynthetic activity as plants senesce ([@CIT0055]; [@CIT0061]). In addition, these genes serve as markers for the normal limiting nitrogen response ([@CIT0046]). In order to provide additional support for the chlorophyll content observation, expression levels of *CAB1* and *RbcS* were measured by qRT-PCR. Levels of *CAB1* and *RbcS* transcript in almost all of the anthocyanin production mutants were nearly equal to those of wild-type controls at both time points ([Fig. 5](#F5){ref-type="fig"}). Therefore, the limiting nitrogen response of plants at both molecular genetic and physiological levels was not affected by the presence of anthocyanin and/or a varying flavonoid profile.

Discussion {#s16}
==========

This study was designed to gain understanding of the roles that anthocyanin pigment and/or its upstream flavonoid precursors play in the response of plants to challenging environmental conditions at specific developmental time points when plants are particularly susceptible to such treatments. Mild chronic growth conditions of limiting nitrogen and moderately high light stress conditions were chosen to ensure that the plants were able to complete their life cycles and produce seeds.

Anthocyanin pigment has been implicated both directly and indirectly in the ability of plants to tolerate chronic unfavourable conditions. For example, mutants in the anthocyanin production pathway were found to be hypersensitive to UV-B ([@CIT0035]; [@CIT0048]). In a previous study, a few different *tt* lines were analysed for final yield and whether they simply had lower vigour as opposed to having lower tolerance for adverse growth conditions such as drought, cold, and UV-B ([@CIT0060]). While mutations in the anthocyanin production pathway were correlated with decreased final yield, even under optimal growth conditions, the authors did not report pathway-related trends. A photoprotective role for anthocyanins may be one of the alternative mechanisms that plants can employ to deal with high light conditions ([@CIT0028]). It is important to note that upstream flavonoid precursors must be considered since these molecules could play a role in overall growth and development of a plant. From an evolutionary standpoint, the prevalence of anthocyanin production pathways among flowering plants suggests that compounds produced by this pathway must be advantageous for plant growth and survival ([@CIT0049]). For example, red leaf colour could have evolved as a defensive response to pest colonization as noted by Hamilton and Brown in their co-evolution hypothesis ([@CIT0016]).

The importance of anthocyanin production is evident even under non-stress growth conditions where, on average, all anthocyanin production mutants performed more poorly compared with wild-type controls ([Fig. 6](#F6){ref-type="fig"}). The knockout lines at various steps in the anthocyanin production pathway were examined to investigate whether changes in the growth rate were due to lack of anthocyanin or overaccumulation of flavonoid intermediates. Mutants defective in early steps in the pathway (*tt4* and *tt5*) that do not produce most of the flavonoid intermediates had a significantly negative effect on biomass accumulation at 24 DAG ([Fig. 1](#F1){ref-type="fig"}). This suggests that downstream flavonoids could be playing a role in normal plant growth and development. While mutants defective in later stages of the pathway (*tt6*, *tt7*, *tt3*, and *tt18*) performed better than early mutants by comparison, they consistently had between 11% and 34% lower biomass accumulation than wild-type plants at this time point depending on the mutant line tested. Therefore, inability to produce flavonoids has a negative effect on plant growth and/or development.

![A simplified diagram of the anthocyanin production pathway is shown on the left. Conversions that are highlighted (\*) require additional enzymatic steps not shown in the figure. The biosynthesis genes and their respective *transparent testa* (*tt*) mutant annotations are indicated at each enzymatic step: chalcone synthase ([@CIT0051]), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), flavonoid 3'-hydroxylase (F3'H), dihydroflavonol 4-reductase (DFR), and anthocyanidin synthase ([@CIT0020]). The effect of the mutations on biomass accumulation is presented in the table on the right. A decrease (-, - -, - - -), increase (+), and no change (0) in biomass accumulation relative to the wild-type control are shown under each condition tested.](exbotj_ers328_f0006){#F6}

Anthocyanin accumulation has been observed under nitrogen limitation conditions ([@CIT0046]). A link between nitrogen deficiency and photoinhibition has been reported ([@CIT0019]), with anthocyanins proposed to have a role in protection against photoinhibition. Interestingly, the reduction in biomass accumulation by the same *tt* lines was also observed under non-stress growth conditions. In addition, several anthocyanin production mutants used in this study (*tt7*, *tt3*, and *tt18*) accumulated more biomass compared with their respective wild-type controls under nitrogen limitation condition at 24 DAG, while *tt6* grew slightly more slowly than the wild type and accumulated less biomass ([Figs 1](#F1){ref-type="fig"}, [6](#F1){ref-type="fig"}). None of these mutants produce a detectable level of anthocyanins, suggesting that reduced anthocyanin production does not result in a reduced growth rate under this moderate stress condition. Therefore, it was hypothesized that a mutation at or upstream of the flavonoid 3'-hydroxylase step in the anthocyanin biosynthesis pathway, which results in the absence of kaempferol and quercetin flavonoids, had a negative effect on plant growth under non-stress and limiting nitrogen conditions. However, plants with mutations downstream of these steps that still do not produce anthocyanins, while growing more poorly under ideal conditions, grow at least as well as the wild type under the limiting nitrogen condition tested.

Plants up-regulate anthocyanin biosynthesis in response to light stimulus ([@CIT0005]). This role of anthocyanin has been studied in various species at high light intensities ([@CIT0022]; [@CIT0030]). Previous work has shown that anthocyanin acts as a protective agent preventing high levels of solar radiation from damaging photosynthetic machinery. Here, where a more moderate high light condition was chosen so that *Arabidopsis* was able to complete its life cycle, growth of Landsberg wild-type plants was decreased by \~30% while Columbia growth was lower by only 7%. It was found that the growth of *tt4* and *tt5* mutants was affected most negatively by high light treatment compared with other *tt* lines; that is, the upstream mutants appeared to be more sensitive to high light by displaying a more pronounced decrease in growth rate. Plants carrying these mutations accumulated significantly less biomass compared with other mutant lines and the wild-type control plants. Interestingly, as with the limiting nitrogen results, some mutant lines (*tt6*, *tt7*, and *tt3*) were able to accumulate more biomass than the wild-type control at 24 DAG. Consistent with the present results from non-stress and limiting nitrogen conditions, any mutation downstream of the chalcone isomerase (*tt5*) step performed significantly better at 24 DAG.

A clear difference in the growth rates of mutant lines in the first two committed steps of the anthocyanin production pathway compared with the subsequent steps was observed, as shown in [Fig. 6](#F6){ref-type="fig"}. Whether under high light, limiting nitrogen, or non-stress conditions, upstream mutants *tt4* and *tt5* performed much more poorly compared with downstream mutants and wild-type control plants. The absence of anthocyanin production alone does not explain the drastic reduction in growth of the *tt4* and *tt5* plants given that other *tt* lines do not show such a decrease. The mutants in the early steps of the anthocyanin biosynthesis pathway are unable to synthesize most of the flavonoids, including kaempferol and quercetin. Kaempferol has been shown to accumulate to higher levels than other flavonoids under optimal growth conditions in *Arabidopsis* ([@CIT0059]). Plants are also known to accumulate quercetin, which is just downstream of kaempferol in the pathway, in response to nitrogen depletion ([@CIT0044]). Additionally, the ratio of kaempferol to quercetin changes in response to various environmental conditions ([@CIT0037]). These studies imply that flavonoid intermediates can have additional unknown functions in normal plant growth and response to environmental stresses. It is important to note that the mutant line lacking the flavanone 3-hydroxylase step (*tt6*) performed significantly better compared with *tt4* and *tt5* under non-stress and high light conditions. This mutation is leaky and these plants contain both kaempferol and some quercetin ([@CIT0045]). As such, the *tt6* plants were able to grow on a par with *tt7* and *tt18* lines. Therefore, the absence of kaempferol and possibly quercetin leads to a dramatic decrease in biomass accumulation which is amplified under high light conditions.

Under limiting nitrogen conditions, the anthocyanin biosynthesis mutants were also found to display leaf yellowing during senescence. *SAG12* expression confirmed the senescence rates in all of the lines tested. Based on these results, it was concluded that both anthocyanin production mutants and wild-type controls senesced at similar rates during the life cycle. Therefore, the leaf yellowing that was observed in the present experiments was an artefact of the absence of anthocyanin masking the regular process of chlorophyll degradation, as opposed to accelerated senescence as was originally suspected. It should also be noted that, despite differences in biomass accumulation, the *tt* lines and wild-type controls were at approximately the same developmental stages, as indicated by similar levels of *SAG12* expression at 24 DAG.

The ability of plants to remobilize nutrients from rosette leaves to support inflorescence growth and seed development is essential for survival ([@CIT0023]). An increase in inflorescence biomass and a decrease in rosette chlorophyll levels indicates that *tt* lines are not hindered in this process compared with wild-type control plants under high light treatment. No correlation was observed between absence of anthocyanin or upstream flavonoid precursors and adverse effects on growth and development of reproductive organs in anthocyanin biosynthesis mutants. Therefore, products of the anthocyanin biosynthesis pathway do not seem to play a role in the protection of the nutrient remobilization machinery under the treatments used in this study.

Carotenoid accumulation is another defensive strategy used by plants to protect against high levels of solar radiation ([@CIT0031]). Therefore, in the absence of protection provided by anthocyanin and some precursor flavonoids, and depending on the *tt* line examined, the carotenoid levels were expected to increase as a result of more photooxidative damage. It is reasonable to assume that *tt5* mutant plants are affected the most by high light treatment as indicated by low biomass accumulation and high carotenoid content. Interestingly, *tt4* mutants were not found to have higher carotenoid levels despite being negatively affected by the high light growing conditions.

In this study, mutants defective at various steps in the anthocyanin biosynthesis pathway were used to examine the response of plants to mildly adverse environmental conditions. The absence of anthocyanin pigment production did not have a significant negative effect on plant growth on its own. The inability of plants to produce flavonoid precursors was found to be correlated with negative effects on growth rate under all conditions. In contrast, mutations later in the flavonoid pathway that still do not produce anthocyanins led to a smaller decrease in biomass under more ideal conditions. There was no noticeable effect of these mutations on the senescence process or any effect on nutrient remobilization. Interestingly some mutant lines exhibited a better growth rate than wild-type plants under chronic mild nitrogen and light stress, suggesting that flavonoid precursor levels could be manipulated in crop plants to enhance plant growth under stress conditions.

Supplementary data {#s17}
==================

Supplementary data are available at *JXB* online.

[Figure S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers328/-/DC1). Early yellowing phenotype of anthocyanin production mutants under challenging environmental conditions differs from wild-type plants.
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